Nuclear magnetic resonance spectroscopy has been used to determine the composition of the aqueous phase of bovine chromaffin granules. Relative concentrations of catecholamines (epinephrine plus norepinephrine), ATP and chromogranins have been measured from integrated intensities in the proton spectra using computer simulation techniques. Most or all of the catecholamines (97 + 8%) are present in the aqueous phase and contribute to the high resolution spectrum. The catecholamine:ATP molar ratio (4.41 +_ 0.45) determined by NMR is close to the value (4.45) derived from biochemical assay indicating that most or all of the ATP is present with catecholamine in the aqueous phase. Catecholamine:protein ratios show that approximately 45% of the soluble protein freed by lysis is not NMR visible. Intensity from this fraction does not appear under highly denaturing conditions (8 M urea) but reappears after hydrolysis. This behavior is similar to that of recently isolated soluble lipoprotein complexes. Variations in the NMR spectra associated with (1) different preparative procedures; (2) different suspension media, and (3) increasing osmolality are described. The fact that high concentrations of epinephrine and ATP (approximately 700 mM total) are dissolved in the aqueous phase implies that solution phase interactions at least partially ionic in nature are responsible for the low internal osmolality of chromaffin granules in vivo. Ordered phases containing a substantial fraction of the total catecholamine in an osmotically inactive form are not present.
Summary
Nuclear magnetic resonance spectroscopy has been used to determine the composition of the aqueous phase of bovine chromaffin granules. Relative concentrations of catecholamines (epinephrine plus norepinephrine), ATP and chromogranins have been measured from integrated intensities in the proton spectra using computer simulation techniques. Most or all of the catecholamines (97 + 8%) are present in the aqueous phase and contribute to the high resolution spectrum. The catecholamine:ATP molar ratio (4.41 +_ 0.45) determined by NMR is close to the value (4.45) derived from biochemical assay indicating that most or all of the ATP is present with catecholamine in the aqueous phase. Catecholamine:protein ratios show that approximately 45% of the soluble protein freed by lysis is not NMR visible. Intensity from this fraction does not appear under highly denaturing conditions (8 M urea) but reappears after hydrolysis. This behavior is similar to that of recently isolated soluble lipoprotein complexes. Variations in the NMR spectra associated with (1) different preparative procedures; (2) different suspension media, and (3) increasing osmolality are described. The fact that high concentrations of epinephrine and ATP (approximately 700 mM total) are dissolved in the aqueous phase implies that solution phase interactions at least partially ionic in nature are responsible for the low internal osmolality of chromaffin granules in vivo. Ordered phases containing a substantial fraction of the total catecholamine in an osmotically inactive form are not present.
Introduction
Chromaffin granules, which are the site of catecholamine storage in the adrenal medulla, maintain high concentrations of catecholamines and ATP in an aqueous medium, the osmolality of which is much lower than the concentrations of these components would suggest [1] . Although the biochemical composition of chromaffin granules has been studied extensively [2--5] many structural features of the internal medium remain unclear. It has been demonstrated by nuclear magnetic resonance (NMR) spectroscopy that a substantial portion of the soluble components, including most of the catecholamines, are present in an aqueous solution phase [6--11] . These results agree with density [ 12, 13 ] and light-scattering [ 14 ] measurements indicating that the intragranular fluid is in osmotic equilibrium with the external medium. The internal fluid apparently contains a substantial quantity of osmotically inactive material with an undetermined catecholamine content [13--15] . The nature of the interactions between the soluble components that leads to a lowering of the internal osmolality has still not conclusively been demonstrated, although it has been the subject of considerable debate [16--23] .
Pertinent to this question are several reports of two or more physically distinct intragranular pools of catecholamine [18,24--28] . Support for this hypothesis has been based on the observation of biphasic efflux kinetics from chromaffin granules incubated at 37°C [24, 25] , the non-stoichiometric concentrations of catecholamines and ATP [26] , and on the existence of bound catecholamine fractions that sediment with the membrane [27, 28] . Of course highresolution NMR spectra detect only molecules dissolved in mobile, essentially isotropic phases. Catecholamines that are membrane bound, or associated with precipitates, globular proteins or high molecular weight aggregates would probably not give resolved resonances. An exception to this statement could occur if catecholamines were exchanging rapidly (T ~ 10 ms) between bound and free sites. Chemical exchange on the NMR time scale would cause pronounced line broadening however, and in some circumstances could be demonstrated if present [29] .
In this paper we report quantitative measurements of the composition of the NMR-visible aqueous phase. The composition is compared to the total concentrations of soluble components measured by biochemical assay. The results indicate that most, if not all, of the catecholamines and ATP are dissolved in the aqueous phase. Upper limits to the NMR-invisible fractions have been obtained. Approximately 45% of the soluble protein that is released upon lysis is not NMR visible. Spectral variations found in samples prepared by two different methods (differential centrifugation in 0.32 M sucrose [32] and centrifugation on a Ficoll-sucrose-2H20 gradient [31] ) and suspended in electrolyte solutions of varying osmolality are described.
Experimental procedures
Preparation of chromaffin granules for NMR study. Chromaffin granules were isolated from bovine adrenal glands. A 'large granule fraction' was prepared using the procedure of Bartlett and Smith [30] . Further purification of this fraction was carried out in one of two ways: the first using a Ficoll-sucrose-2H20 gradient [31] , and the second by differential centrifugation at 35 000 × g for 20 min [32] . The pelleted granules obtained by each method were washed twice with solutions of K2SO4 (0.15 M and 0.16 M) or KC1 (0.16 M and 0.20 M) in 2H20. These washings removed most of the sucrose and reduced the concentration of protons from H20 in the chromaffin granule pellet. The NMR spectra recorded were of chromaffin granules suspended in the same K2SO4 and KC1 solutions used to wash the pellet and contained approximately 0.25 g wet pellet/ml of suspension. Lysis was monitored directly by NMR, making use of the chemical shift between the aromatic peaks of free and vesicle-bound catecholamine (see below}. Preparations used for spectral fitting were essentially free from lysis.
Preparation of lysate for NMR study. A weighed quantity of chromaffin granule pellet was lysed by placing it in 20 vols. of ice-cold 2H20. The solution was frozen, thawed and centrifuged at 100 000 × g for 60 min at 2°C in a Beckman L5-50 ultracentrifuge. The supernatant was removed carefully and kept on ice. Another 20 vols. of 2H20 were added to the sediment in the ultracentrifuge tube and after an identical series of steps the supernatant obtained was combined with the supernatant from the first lysis. The combined supernatant, referred to as the 'soluble lysate', was observed directly on the NMR or concentrated by ultrafiltration before study.
NMR data. All spectra were recorded at 3--5°C. Fourier transform 100
MHz proton spectra were obtained on a JEOL JNM/PFT-100 spectrometer. Peak integrals were computed digitally between specified frequency limits by the EC-100 data system. Spectra were obtained using a 90 ° flip angle and a delay of 1.5 s. This delay is greater than 4T1 for all peaks in the spectrum.
Assays. Protein was assayed by the Lowry method [33] or by a dye-binding technique [34] . When using the Lowry test, the protein was precipitated using trichloroacetic acid to eliminate interference from catecholamines. Bovine serum albumin was used as the standard in the Lowry method and 7-globulin for the dye-binding method. The two protein assays were checked against each other for solutions of purified chromogranins and found to give comparable results.
Catecholamines were assayed by the trihydroxyindole method [35] using a Perkin Elmer MPF-44A spectrofluorometer.
Determination of concentrations of protein, catecholamines and ATP from NMR spectra. A computer fit of the integrated intensity over a sequence of frequency intervals of the high resolution IH NMR spectrum was carried out. A non-linear least-squares program supplied by the University of Michigan Statistics Laboratory [36] was used to fit the NMR integrals with the concentration ratios as adjustable parameters. The steps involved were as follows:
(i) Integrals were measured across the spectrum over regions typically 20 Hz wide. The regions containing H2HO and sucrose peaks were not included in the fit.
(ii) The experimental spectrum was simulated assuming Lorenzian line shapes. The peak frequencies and linewidths were measured experimentally in the case of catecholamines and ATP, and the frequencies were taken from the literature [8] for the soluble proteins. All protein linewidths were assumed equal and were estimated from trial visual fits of experimental and simulated spectra.
(iii) Since the integrated intensity of the peaks is proportional to the concentrations of the species contributing to that peak, the experimental integral in any region, i, of the spectrum can be expressed as Ii =a ~cjAij (1) J where c i is the concentration of the jth molecule, and Aij is the contribution to the integral in the i ~ region from the ]th molecule when its concentration is unity (computed from simulated spectra). Assuming a Lorenzian line shape, Aij = a ~ Ak~
where Akj = Cjnk; n k is the number of protons in the k th site; T2k is the spinspin relaxation time of the k th site, and co is the angular frequency (=27rv). T2k = (TrAvl/2,k) -1 where APl/2, k is the linewidth of the k TM site. The constant, a, normalizes experimental integrals to those derived from simulated spectra and is obtained from the fitting procedure. A value for Aij can be calculated in any region of the spectrum lying between two values of v, if the peak positions, Vk, the number of protons contributing to a peak and the linewidths, AVl/2, are known.
In the NMR analysis carried out for the results presented here, the high resolution spectrum of chromaffin granules was assumed to be due to ATP, catecholamines (CA), and chromogranin A. The amino acid composition of the total soluble proteins is very similar to that of chromogranin A [ 2] .
From Eqn. 1
A non-linear least-squares fit of this function to the data values, xl, x2, x3 and y by iterations on the parameters 0~, 02 and 03 was carried out using the program, BMDX85 [36] . 01 normalizes the integrals from experimental and simulated spectra. A fit of the non-linear form (Eqn. 2) rather than the linear form (Eqn. 1) was used in order to obtain standard deviations for the concentration ratios, 02 and 03.
The absolute concentration of catecholamines was determined by comparing the integral of the aromatic catecholamine peak with that of the methyl peak of the sodium salt of 3-(trimethylsilyl)propanesulfonic acid (TSS), which is well separated to high field of the chromaffin granule spectrum.
Results

NMR spectra of chromaffin granule suspensions
High resolution proton spectra of chromaffin granules prepared according to procedures explained in Experimental procedures were obtained. A typical spectrum of granules prepared by differential centrifugation in 0.32 M sucrose and suspended in K2SO4 (337 mosM) is shown with the computer simulation in Fig. 1 . In all spectra the characteristic peaks of ATP, catecholamines and chromogranins are present. The linewidths of the resonances differ, however, depending on the suspension medium and the method of preparation. It was observed that:
(1) Chromaffin granules purified on a Ficoll-sucrose-2H20 gradient give broader peaks than those prepared by differential centrifugation in 0.32 M sucrose. Examples of the broadening seen in the region downfield of H2HO are shown in Fig. 2 . The ATP peaks (H-2 and H-8) are essentially unresolved in Ficoll preparations while epinephrine peaks are broadened by about 30%. This finding is consistent with a previous report that the morphological characteristics of granules prepared on a Ficoll gradient are somewhat different from granules prepared by differential centrifugation [37] . (2) Chromaffin granules suspended in K2SO4 show broader lines as the osmolality is increased as would be expected from shrinkage of granules. As an example, the spectrum in Fig. 3a (chromaffin granules suspended in 360 mosM K2SO4) may be compared with that in Fig. la (339 mosM K2SO4) . Increasing osmolality with KC1 as supporting electrolyte shows a similar effect.
(3) Significant shifts and/or gross selective broadening are seen in the methylene peak of catecholamines in granules suspended in K2SO4 solutions of 360 or greater osmolality. This effect is illustrated by comparing Fig. la (337 mosM), which contains a broad but well~lefined methylene resonance, with Fig. 3a (360 mosM) , in which the methylene peak is not visible. This effect, which was observed repeatedly in 360 mosM K2SO4, has not been observed in other suspension media [6--10] .
Mitochondria and lysosomes are present as impurities in the chromaffin granule preparations, but they do not give interfering structure in the high resolution proton NMR spectra. This was confirmed by observing the mito- chondrial fraction from the Ficoll-sucrose-2H20 gradient, which gave no peaks except a low intensity very broad resonance in the protein region.
Stability of the samples
The stability of the various suspensions used was checked by NMR. Fig. 3 contains spectra taken of chromaffin granules prepared by differential centrifugation in 0.32 M sucrose followed by washes with 0.16 M K2SO4 and resuspension in the same solution. The spectra show no change for several hours after preparation {Fig. 3a). If the sample is left overnight at 5°C, the spectrum shows peaks due to free catecholamines and ATP to the low field side of the main peaks. These peaks can be removed if the suspension is centrifuged, the supernatant discarded and the granules resuspended. Fig. 3b shows the same chromaffin granule suspension 36 h after preparation. The peaks due to lysed material are clearly seen, the positions correspond to those from chromaffin granules lysed by hyposmotic shock. The appearance of separate peaks due to internal and external catecholamine provides a direct NMR method for monitoring lysis. The shift in the aromatic region has been noted previously [2O].
Composition of NMR-visible interior of chromaffin granules
Several different preparations of chromaffin granules were studied to determine the NMR-visible concentrations of ATP, catecholamines and proteins. Table I confidence level using asymptotic standard deviations computed by the fitting program. Catecholamine : protein ratios determined by NMR are systematically larger by about 90% than the same ratios determined by biochemical assay. This difference indicates that nearly half of the protein freed upon lysis is not NMR visible. This result is discussed in more detail below. Aside from the systematic difference in magnitude, the catecholamine:protein ratios determined by NMR show the same kind of variation among the different preparative procedures as do the ratios determined classically. There appears to be a slight reduction in the ratio for granules prepared by differential centrifugation and washed with KC1, but this may not be significant. Because of apparent catecholamine loss from granules prepared on the Ficoll gradient and washed in KCI, this method was not used subsequently.
The molar ratio of catecholamine:ATP determined by NMR is also shown in Table II . Values obtained for samples prepared by differential centrifugation in 0.32 M sucrose are quite comparable to values obtained from classical assays [2] . FicoU preparations gave considerably lower ratios, especially the preparation washed in 0.16 M KC1. The ATP peaks (H-2 and H-8) are very broad and essentially unresolved in all the Ficoll preparations, however (see above and Fig. 2) , and the assignment of accurate linewidths and chemical shifts was not possible. For this reason we attach little significance to the low catecholamine: ATP ratios found in the Ficoll preparations. Of course a somewhat lower value would be expected in the 0.16 M KCl-washed sample, for which catecholamine loss is evident. Table III contains a comparison of the protein and catecholamine concentrations obtained by the two methods. It is readily seen that the catecholamine concentrations obtained by both methods are in approximate agreement while the catecholamine:protein ratios are significantly different. In all cases, between 40% and 50% of the protein found in the soluble fraction on lysing the chromaffin granules is not seen by NMR. Presumably protein in the soluble phase is present in two very different forms, one much more highly mobile than the other. The possibility that chromogranin is present in intact chromaffin granules as a precipitate that dissolves upon lysis was checked by observing the NMR spectrum of granules lysed in 40 vols. of cold 2H20. The computer simulation of the lysate gave a catecholamine:protein ratio which was even higher than the value from intact granules ( Table IV) 
Discussion
The data in Table III show that approximately 97% (averaged over all preparations) of the total catecholamines are present in the NMR-visible aqueous phase. The NMR determination of catecholamine concentration was obtained from the ratio of integrated intensities of the catecholamine aromatic peak to the methyl peak of an NMR standard, TSS, added to a known concentration. Intensity contributions due to overlapping protein resonances were of the order of 15% in both the aromatic and TSS regions. The intensity ratio was corrected for these contributions by using the spectral simulation program. The corrected ratio contains an estimated uncertainty of +7% which is due in part to the possibility of slight baseline drift and phase error. Deviations between the total and NMR-visible catecholamine concentrations have an average value of 8.0%, which is consistent with the estimated uncertainties in the NMR and biochemical measurements. Concentrations obtained from NMR are not systematically lower than the overall concentrations as would be expected if an appreciable immobile catecholamine fraction were present. The average deviation provides an upper estimate of the bound catecholamine fraction.
It should be emphasized that the NMR data do not exclude the presence of relatively low molecular weight complexes between epinephrine and ATP. Very labile complexes with a 3:1 (epinephrine:ATP) ratio have been observed in aqueous solutions at pH 5.6 [38] , which is probably the intragranular pH [11, 14, 39, 40] . A more recent proton NMR study [41] has concluded that the actual stoichiometry is lower, 1:1 or 2:1. Somewhat larger aggregates have been found in the presence of 20--50 mol% Ca 2÷ and Mg 2÷ [42--44] . Such complexation produces line broadening that is described roughly by the StokesEinstein relation [45] , Avln c~ rR ~ 47ra3~?/3kT, where Avln is the NMR linewidth, rR is the rotational correlation time, a is the radius of the aggregate, and ~? is bulk viscosity. Thus the linewidth increases as the volume of the complex times (Tr/kT). Relatively low molecular weight aggregates would be consistent with the 15--40-Hz linewidths seen in the proton spectra. We have pointed out previously however, that such complexes appear to be inconsistent with TI and NOE measurements [9] .
Concentration ratios of catecholamine:ATP in the NMR-visible phase contain error limited by the integrals of the H2 and H8 resonances of ATP. Since these peaks are relatively weak and broad, the measured ATP concentration contains substantially greater uncertainty than does the value for catecholamines. The non-linear least-squares fitting program computes an asymptotic standard deviation to the ATP:catecholamine ratio. Error limits at the 95% confidence level were computed and are given in Table II ; limits are generally smaller for the media that gave narrower lines. Winkler [2] in his survey has given an average value of 4.5 for the overall catecholamine:ATP mol ratio obtained by four groups. NMR ratios calculated from samples prepared by differential centrifugation are within 8% of this value indicating that most (and possibly all) of the ATP is present with catecholamine in the aqueous phase. Values obtained from the Ficoll preparations are substantially lower but are of doubtful quantitative significance (see above).
The state of the soluble protein
The fact that chromogranin gives resolvable structure in the proton and C-13 spectra [6--9] is a direct consequence of the predominantly random-coil structure of these proteins and the high side chain and segmental mobility. It is shown in Tables III and IV that approximately 55% of the protein freed upon lysis is in an NMR-visible form. Presumably the NMR-invisible fraction is present in one of the following states: (1) globular protein (e.g. DBH); (2) protein associated with high molecular weight soluble complexes, such as the soluble lipoprotein complexes isolated by Hogue-Angelletti and Sheetz [15] , or (3) soluble chromogranin that is present in a precipitated form. From the extremely high solubility of purified chromogranin it seems likely that most of this material would be dissolved in the aqueous phase. Reconstituted solutions containing epinephrine, ATP and chromogranin dissolved at physiological concentrations have been prepared [7, 40] . If precipitated soluble protein were present in the intact granules, it would be expected to appear in spectra of the unconcentrated lysate. This did not occur, and even the addition of 8 M urea did not substantially increase the NMR-visible protein. While it has been reported that native chromogranin has some secondary structure [46] , it appears that this kind of structure cannot substantially account for the observed loss of NMR intensity. Recovery of most of this intensity was obtained only after complete hydrolysis.
Certainly the amount of soluble DBH in the aqueous phase (about 5% by weight [2] ) cannot account for the entire NMR-invisible protein fraction. On the other hand, the lipoprotein complexes isolated by Hogue-Angelletti and Sheetz [15] may be relevant, although they have not yet been characterized extensively. Complexes with molecular weights of several hundred thousand would be highly broadened. It is also interesting that these complexes are stable under highly denaturing conditions (guanidine hydrochloride), as is the NMRinvisible protein. The total protein content of the various complexes found has not been reported however, and may be too small to account for the entire NMR-invisible fraction.
Bound catecholamines
The intensity measurements described above demonstrate that nearly all catecholamine and ATP are present in the highly mobile aqueous phase. From the known structure and composition of chromaffin granules, however, one would expect an important, though possibly quite small, fraction of catecholamine to exist in a state of greatly restricted mobility. It has been reported that catecholamine binds to the chromaffin granule membrane [47] . Two types of site have been reported. One of these has low capacity, high affinity and is reserpine sensitive (possibly a carrier molecule). The other has relatively high capacity and low affinity. It has been suggested that catecholamine in its uncharged form partitions into the lipid phase [39, 47] although this point is controversial [17] . Catecholamines may also be bound by intragranular dopamine fl-hydroxylase.
We have not obtained direct evidence for labile catecholamine binding, but one observation would be consistent with this hypothesis. This is the dramatic selective broadening and/or shift in the/3-CH~ catecholamine resonance of chro-maffin granules that are suspended in 0.16 M K2SO4 (Fig. 3) . The only explanation for this effect that has occurred to us is labile binding of a small portion of catecholamine to dopamine fl-hydroxylase. Broadening would result only if the bound fraction, which could be very small (less than 10-3), were in rapid equilibrium with the aqueous pool. The fact that broadening is selective at the ~-CH2 resonance requires a specific magnetic perturbation at these nuclei. This would occur if these hydrogens were close to the pair of Cu(II) ions at the active site. Structural analogues of the catecholamines competetively inhibit DBH activity, although the binding is apparently relatively nonspecific [48, 49] . In general, paramagnetic line broadening will depend on the bound fraction, on the structure at the active site, and on the kinetic parameters of the chemical exchange reaction [50] . It is surprising that although the effect was observed repeatedly, it was pronounced only in the 0.16 M K2SO4 medium. The mechanism by which the external medium influences line broadening is unknown.
Conclusions
The fact that high concentrations of epinephrine and ATP (approximately 700 mM total) are dissolved in the aqueous phase has implications for hypotheses concerning the relatively low osmolality of the internal medium. A structured phase containing a substantial fraction of osmotically inactive catecholamine is not consistent with the measured composition of the aqueous phase. The osmotic activity of dissolved catecholamines must be lowered substantially by intermolecular interactions in the solution phase. Furthermore, such interactions must be consistent with quite short rotational correlation times that have been reported elsewhere. Relevant interactions could result either from direct molecular complexation between catecholamines and ATP, or from electrostatic interactions between low molecular weight ions and chromogranin, which is present as a random-coil polyelectrolyte. Further studies are needed to clarify the nature of these interactions.
